The use of microorganisms to recover metals from lowgrade ores and mineral concentrates has developed into a successful and expanding area of biotechnology (32) . The microbes catalyze metal recovery either by dissolution of metalcontaining sulfide minerals, such as chalcocite (bioleaching), or by dissolving sulfidic minerals that are intimately associated with the native metal (biooxidation), such as gold in refractory ores, thereby allowing the metal to be extracted by conventional (chemical) means. Different engineering approaches have been used to facilitate microbial mineral processing; these approaches include in situ leaching, dump and heap leaching of low-grade ores, and aerated stirred tanks for microbial processing of mineral concentrates (3) . Stirred tanks have several advantages, including the potential to control the bioleaching environment (e.g., pH and temperature) and much shorter turnover times (the times required for mineral processing to be effectively completed), although such systems have large capital and operating costs. Mineral processing operations that use bioreactors generally involve parallel and in-line (primary and secondary) oxidation tanks in order to maximize mineral dissolution.
Bioreactor mineral processing initially focused on the treatment of refractory gold sulfide ores. Successful commercial technologies include the BIOX process (5) , which operates at ϳ40°C by using mesophilic acidophiles and the Mintek/ Bactech Bacox process, in which utilizes either mesophilic or moderately thermophilic cultures (26) . However, the potential to recover other metals, such as Cu, Ni, Zn, and Co, was recognized later. In the late 1990s, a full-scale cobalt leaching operation in which bioreactors are used was commissioned in Uganda (6) . Other examples include the Mintek/Bactech process to bioleach base metals (37) , which operates at higher temperatures (ϳ45 to 50°C) with moderately thermophilic acidophiles, and the HIOX process (7) , which operates at 78°C with extremely thermophilic acidophilic archaea. The advantage of using higher temperatures is that sulfide mineral oxidation is more rapid, and although mesophilic and thermophilic operations involve different populations of acidophilic microorganisms, the mechanisms involved in mineral dissolution are essentially the same.
Somewhat surprisingly, there have been relatively few studies on the composition of microbial populations in commercial mineral leaching operations (27) . Goebel and Stackebrandt (13, 14) cloned 16S rRNA genes from acidophilic bacteria obtained from enrichment cultures of acidic runoff from a chalcocite overburden heap and a laboratory-scale mineral leaching bioreactor. Gene sequence data indicated that there was limited biodiversity in both situations, particularly the bioreactor leachate, in which the microflora appeared to comprise Leptospirillum ferrooxidans-, Sulfobacillus-, and Acidithiobacillus caldus-like bacteria. Pizarro et al. (31) used the different sizes of spacer regions between the 16S and 23S rRNA genes of acidophiles to identify microbial populations in a copper bioleaching system; Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans, as well as L. ferrooxidans, were identified by this approach. Differentiation of acidophilic microorganisms by analysis of restriction enzyme-digested 16S rRNA genes has also been described. Using this technique, Rawlings et al. (33) identified A. caldus and L. ferrooxidans in continuous-flow biooxidation tanks processing various metallic ores and operating at 40 to 55°C. Foucher et al. (12) analyzed microbial populations in a stirred-tank bioreactor and an aerated column reactor operating at 35°C and processing cobaltiferous pyrite by extracting DNA, amplifying 16S rRNA genes, and sequencing screened clones. Three bacteria were identified: L. ferrooxidans, A. caldus, and a gram-positive bacterium related to Sulfobacillus thermosulfidooxidans. The single-strand conformation polymorphism technique was used in the latter study to evaluate the proportions of the bacteria that were either planktonic or attached to mineral surfaces.
In this paper, the numerical abundance and diversity of microorganisms in pilot-scale stirred tanks in which a polymetallic sulfidic concentrate was subjected to biological oxidation at 45°C are reported. In addition, we describe the physiological characteristics of two of the indigenous microorganisms, a thermophilic Leptospirillum isolate and an archaeon belonging to the genus Ferroplasma.
MATERIALS AND METHODS
Pilot plant setup. The pilot-scale biooxidation experiments from which the acidophilic prokaryotes were isolated were performed in three-stage continuously operated and mechanically agitated reactors (stirred tanks). The system consisted of a feed pulp tank and three reactors in series, and there was a container at the end for product collection. The pulp volumes were 20 liters in the first reactor and 10 liters in both the second and third reactors. The concentrate (fine milled to diameters of Ͻ45 m) contained 22% (wt/wt) copper, 23% (wt/wt) iron, 8% (wt/wt) zinc, and 30% (wt/wt) sulfur, and the major minerals were chalcopyrite, sphalerite, and pyrite. The operating temperature was 45°C in each reactor, and the pH was controlled at Յ1.8. The concentrate was added as a homogeneous slurry (delivered from a stirred feed tank) with a pulp density of 7.5% (wt/vol), and it had an overall residence time of 6 days. The air supplied to the reactors was enriched with CO 2 (0.2%, vol/vol) and was supplied to the reactors by means of a sparger situated below the impeller. The pilot plant was part of a bioleaching optimization program that had been running for more than 1 year, initially in the batch mode and later in the continuous mode. The system had been inoculated with an undefined culture of moderately thermophilic acidophiles that had previously been maintained on a similar concentrate. The samples used for microbiological analysis were taken a few months after continuous operation was started. The concentrations of soluble metals, pH values, and cumulative residence times for the three reactors are shown in Table 1 .
Isolation and enumeration of acidophilic microorganisms. The indigenous microfloras of leachate samples from each of the three reactors were analyzed by plating serially diluted samples onto overlaid solid media. These two-layer, agarose-gelled solid media included an acidophilic heterotroph (Acidiphilium sp. strain SJH) which removed the otherwise toxic products of agarose hydrolysis that were present at an acidic pH. Two variants were used, one containing ferrous sulfate (iron overlay) and the other containing both ferrous sulfate and potassium tetrathionate (iron-sulfur overlay); full descriptions of these solid media are given elsewhere (19) . Overlay media are used extensively in our laboratory and in a number of other research laboratories that work with acidophilic microorganisms and have been shown to be both highly efficient and selective for cultivating both autotrophic and heterotrophic acidophiles. The mineral suspensions were vortexed thoroughly before dilution to promote detachment of cells adhering to the mineral surfaces. Inoculated plates were incubated at 45°C for up to 20 days and were inspected daily for microbial growth. Colonies that formed were examined with a stereo-scan microscope (Wild M3Z), and bacteria were examined with a phase-contrast microscope (Leitz Labolux fitted with Zenicke condenser and objective lenses). The counts for the various colony types that formed on the solid media were expressed as CFU per milliliter of leachate liquor. Single colonies were carefully removed and put into liquid medium containing 20 mM ferrous sulfate plus 2.5 mM potassium tetrathionate or into 10 mM ferrous sulfate-0.025% (wt/vol) yeast extract liquid medium (both at pH 2.0). The liquid medium used to culture the Ferroplasma-like isolates contained 50 mM ferrous sulfate, 50 mM potassium sulfate, 0.02% (wt/vol) yeast extract, and basal salts (pH 1.5) , and all cultures were incubated at 45°C (19) . Culture purity was checked by streaking liquid cultures onto solid media (with reselection of single colonies, if necessary).
Amplification and sequencing of 16S rRNA genes. Isolates were grown in the appropriate medium to the late exponential phase or the early stationary phase, harvested, and washed once with 10 mM H 2 SO 4 and then with TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0). Cell pellets were resuspended in 20 l of a lysis solution (0.05 M NaOH, 0.25% sodium dodecyl sulfate) and heated at 95°C for 10 min before 180 l of autoclaved deionized water was added. Eubacterial 16S rRNA genes were amplified by PCR by using forward primer 5Ј-AGAGTTTG ATCMTGGCTCAG-3Ј and reverse primer (5Ј-TACGGYTACCTTGTTACGA CTT-3Ј) complementing positions 8 to 27 and 1510 to 1492 of Escherichia coli 16S rRNA (23) . Archaeal 16S rRNA genes were amplified with the same reverse primer and an archaeon-specific forward primer (5Ј-TCCGGTTGATCCYGCC RG-3Ј) (29) . Touchdown PCR (8) was performed as follows: denaturation for 30 s at 95°C; annealing for 30 s at 55°C (57°C for archaea), with the temperature dropping by 1°C each 2 cycles for 20 cycles, followed by an additional 15 cycles of annealing at 45°C (47°C for archaea); elongation at 72°C for 90 s; and a final 10-min incubation period at 72°C. Dimethyl sulfoxide (2%, vol/vol) was routinely included in the PCR mixture, as this compound has been found to increase the reliability of 16S rRNA gene amplification with a some acidophilic microorganisms (Hallberg, unpublished data). PCR products were ligated to the pGEM-T Easy vector (Promega) according to the manufacturer's instructions, and the resulting plasmids were transformed into E. coli DH5␣. Screening of clones with inserts (white colonies) was carried out by PCR by using primers M13 forward (5Ј-GTAAAACGACGGCCAG-3Ј) and M13 reverse (5Ј-CAGGAAACAGCTA TGAC-3Ј) that are specific for the cloning vector. The resulting product was confirmed to be positive by restriction enzyme fragment analysis (double digestion with EcoRI and MspI) alongside the original PCR product used in the cloning. Plasmid DNA was purified by using the CONCERT rapid plasmid purification systems (GIBCO BRL) according to the manufacturer's instructions. The sequences of the inserts were determined commercially (MWG-Biotech, Ebersberg, Germany).
Phylogenetic affiliation of isolates. The sequence data were compared with 16S rRNA sequences deposited in public databases by using the BLAST search program (1). The 16S rRNA gene sequences of various bacteria (including those closely related to the unknown sequences, as indicated by the BLAST search) obtained from the GenBank database were aligned with the new sequences by using ClustalW (36). The resulting alignments were then used to construct a distance matrix (21), which was followed by phylogenetic tree construction by neighbor joining (34) . The algorithms provided by PHYLIP, version 3.5c (11), were used. Phylogenetic trees were constructed by using Treeview software (30) .
Chromosomal base analysis. Isolates MT6 and MT17 were grown in liquid media to the early stationary phase. Chromosomal DNA was purified by the technique described by Wilson (38) , including cesium chloride gradient centrifugation. The DNA extracted from the gradients was dialyzed against three changes of 0.1ϫ SSC (15 mM NaCl plus 1.5 mM Na 3 C 6 H 5 O 7 ), and the ethidium bromide was extracted from the DNA with 0.1ϫ SSC-saturated butanol.
Guanine plus cytosine (GϩC) contents were determined from melting temperatures of the DNA, which were determined with a Hewlett-Packard HP 8453A UV-visible spectrophotometer connected to an HP 89090A Peltier temperature controller. The base composition of a DNA was determined from its melting point by using the equation
where T m is the melting temperature of the DNA and M is the molar concentration of the cations in the DNA suspension (25) . The system was calibrated by using DNA having known base compositions (GϩC contents) from several sources, including Micrococcus luteus (GϩC content, 72 mol%), Acidocella facilis (64 mol%), Acidocella aminolytica (58 mol%), E. coli strain B (50 mol%), and calf thymus (42 mol%).
Physiological analyses. Ferrous iron oxidation was monitored by measuring changes in the ferrous iron concentration by the ferrozine method (24) in cultures initially containing 25 mM FeSO 4 . Utilization of tetrathionate in cultures initially containing 5 mM S 4 O 6 2Ϫ was determined by measuring changes in the concentration of this polythionate by cyanolysis (22) and also by measuring any decreases in the culture pH with a pHase electrode (BDH-Merck) coupled to an Accumet pH Meter 50. Autotrophic growth and heterotrophic growth were determined by culturing isolates in ferrous iron or tetrathionate medium with and without yeast extract (added at a concentration of 0.02% [wt/vol]) and assessing the biomass yield by examining bacterial counts (with a Thoma cell counting chamber) and total protein (2). The pH and temperature optima of isolates MT6 and MT17 were determined in pH-and temperature-controlled cultures in a 2-liter bioreactor (model P350; Electrolab Ltd., Tewkesbury, United Kingdom). Isolate MT6 was grown in 25 mM ferrous sulfate medium with the culture maintained at pH 1.8 (to determine the optimum temperature) or at 43°C (to determine the optimum pH). Isolate MT17 was grown in 25 mM ferrous sulfate medium supplemented with yeast extract (0.02%, wt/vol), tryptone soya broth (0.0125%, wt/vol), and 0 to 300 mM potassium sulfate (to examine the effect of culture conductivity on growth). The cultures were maintained at pH 1.5 (to determine the optimum temperature) or at 37.5°C (to determine the optimum pH). The culture doubling times of MT6 and MT17 for each experimental run were determined from semilogarithmic plots of the amount of iron oxidized versus time.
Oxidation of pyrite by isolates MT6 and MT17 was assessed by growing cultures in 100-ml shake flasks (in triplicate), each of which contained 2% (wt/vol) ground rock pyrite (80% FeS 2 ). For MT17, a second set of triplicate flasks was set up, to which yeast extract (final concentration, 0.02% [wt/vol]) was added. The inoculated flasks were incubated at 45°C (MT6) or 37°C (MT17) with shaking (150 rpm) for up to 60 days. Additional yeast extract (final concentration, 0.02% [wt/vol]) was added to the MT17 cultures grown on pyrite-yeast extract at day 42. Samples were removed at regular intervals, and the soluble total iron was analyzed by atomic absorption spectrometry.
Nucleotide sequence accession numbers. The GenBank accession numbers for the nucleotide sequences determined in this study are shown in Table 2 .
RESULTS

Isolation and identification of indigenous acidophiles.
Colonies of acidophilic prokaryotes grew on both iron and irontetrathionate overlay plates when serially diluted samples from the in-line bioreactors were spread onto them. The organisms could be differentiated on the basis of size, morphology, and whether they were stained with ferric iron (iron oxidizers). Acidophilic prokaryotes generally form distinctive colonies on overlay plates, and this characteristic may be used as an initial criterion for distinguishing different genera and species (19) . With the bioreactor inocula, four distinct colony forms were identified ( Table 3) . Three of these forms, groups I to III, were visible after 7 days of incubation at 45°C, while group IV colonies were apparent only after more protracted incubation (14 days). Groups I and IV grew only on iron-tetrathionate plates, group II grew only on iron overlay plates, and group III grew on both types of overlay plates.
Three of the four groups of isolates (groups II, III, and IV) were ferrous iron oxidizers, while group I isolates oxidized tetrathionate but not ferrous iron. The preliminary classification of the prokaryotes was based on their cellular and physiological characteristics (Table 3) . Identities were later confirmed by phylogenetic analysis (16S rRNA gene sequence analysis) of the six representative isolates selected (Table 2) . Although the tetrathionate-oxidizing isolates MT1 and MT2 displayed slightly different colony morphologies, the first 496 bp of the 16S rRNA gene of isolate MT2 was found to exhibit 99.6% homology with the same sequence of isolate MT1. Likewise, isolates MT16 (isolated from tank 3) and MT17 (isolated from tank 2) exhibited 99.6% homology, although they had some minor physiological differences. The phylogenetic relationships of the prokaryotes isolated from the bioreactors with known acidophilic microorganisms are shown in Fig. 1 .
Distribution of acidophilic prokaryotes. The numbers of each of the four microbial genera isolated from leachate liquors from the three bioreactors are shown in Fig. 2 . In the first tank, the most numerous cultivatable prokaryotes (65% of the CFU) were A. caldus-like bacteria, and Leptospirillum-like bacteria (29% of the CFU) were the dominant iron oxidizers, followed by Sulfobacillus-like bacteria (6% of the CFU). The indigenous microflora in the second tank was very different; Ferroplasma-like archaea (strains MT16 and MT17) accounted for about one-half of the total CFU, and most of the rest of the organisms were A. caldus. In tank 3, Ͼ99.9% of the CFU were Ferroplasma-like; colonies of A. caldus and Sulfobacillus (but not colonies of Leptospirillum) were also recovered, although only low numbers of colonies were obtained. The total numbers of acidophilic CFU isolated from the three bioreactors 6 CFU ml Ϫ1 in tank 3. Physiological characteristics of the Leptospirillum and Ferroplasma isolates. Isolates MT6 and MT17 were selected for further study on the basis of their potential novelty; MT6 was an apparent thermophilic (or thermotolerant) Leptospirillum sp. isolate, while MT17 was a member of a species of the recently described archaeal genus Ferroplasma. The GϩC content of the chromosomal DNA of Leptospirillum strain MT6 was 55 Ϯ 0.3 mol%, while that of Ferroplasma strain MT17 was 37 Ϯ 0.2 mol%; these values are similar to those obtained for Leptospirillum ferriphilum and Ferroplasma acidiphilum, respectively (4, 16) .
Leptospirillum strain MT6 was found to have a minimum culture doubling time of about 2 h, a temperature optimum of 43°C, and a pH optimum of 1.5 (Fig. 3) . The maximum temperature at which growth of Leptospirillum strain MT6 was observed was 50°C. Growth-coupled iron oxidation by Leptospirillum strain MT6 was observed at pH values between 0.8 and 2.0 (pH values above and below these values were not tested). Interestingly, culture pH had only a small impact on the doubling time of this isolate over this pH range.
The Ferroplasma-like isolate, strain MT17, was less thermotolerant than Leptospirillum strain MT6, and its temperature optimum was 39°C. Its minimum culture doubling time (observed at pH 1.5) was about 7 h (Fig. 3) . Ferrous iron oxidation was coupled to the growth of this archaeon under most conditions, although not at 50°C, at which the rate of ferrous iron oxidation (0.76 mM/h) was found to be arithmetic rather than logarithmic and there was no increase in cell number (Fig. 4) . A similar scenario was observed at pH 0.55, although logarithmic growth of Ferroplasma strain MT17 was observed at pH 0.8. The concentrations of total dissolved ions (estimated from the medium conductivity) in the growth medium had little impact on the growth of Ferroplasma strain MT17 at values between 24 and 46 mS cm Ϫ1 , although at medium conductivity values of 16 and 61 mS cm Ϫ1 ferrous iron oxidation by this archaeon was again not coupled to growth (data not shown). Ferroplasma strain MT17 was able to grow heterotrophically on yeast extract (in media in which ferric sulfate was substituted for ferrous sulfate) and to reduce ferric iron in yeast extract-containing media incubated anaerobically. Whether Ferroplasma strain MT17 could grow anaerobically by ferric iron respiration was not ascertained.
Leptospirillum strain MT6 was found to be obligately autotrophic, while no growth of Ferroplasma strain MT17 (or strain MT16) occurred in media that did not contain yeast Both Leptospirillum strain MT6 and Ferroplasma strain MT17 were able to oxidize pyrite in pure cultures, although this was observed only in yeast extract-amended media in the case of the archaeon (Fig. 5) . Whereas Leptospirillum strain MT6 (like other Leptospirillum spp.) was unable to oxidize tetrathionate, oxidation of this polythionate was observed in cultures of Ferroplasma strains MT16 and MT17 in 5 mM tetrathionate-0.02% yeast extract medium after prolonged lag periods of about 190 h (Fig. 6 ).
FIG. 3. Effects of temperature (a) and pH (b) on the growth of
Leptospirillum strain MT6 (F) and Ferroplasma strain MT17 (OE). Each data point is the mean for two analyses (variation, Ͻ10%).
FIG. 4. Growth (s and ᮀ) and ferrous iron oxidation (F and ⅜) by
Ferroplasma strain MT17 at 45°C (F and s) and at 50°C (E and ᮀ). Cultures were grown under controlled conditions (at pH 1.5) in a 2-liter bioreactor. OD (660 nm), optical density at 660 nm. 
DISCUSSION
It is somewhat anomalous that commercial bioprocessing of sulfidic minerals has developed into an important and successful area of biotechnology with (in most cases) very limited data on the microbial populations that are present in bioleaching systems. One reason for this has been the lack of accurate and appropriate methods for analyzing populations of the extremophilic prokaryotes that are active in the metal-enriched, (thermo)acidic environments that constitute commercial leach liquors. Molecular techniques (gene libraries constructed from extracted DNA, amplified ribosomal DNA restriction enzyme analysis, fluorescence in situ hybridization, etc.) have been used to some effect in recent years (12, 13, 33) . Some potential drawbacks of these techniques are (i) that problems with DNA extraction and other inherent biases in the techniques result in data that are not quantitative and may result in a failure to detect some microorganisms altogether; (ii) that the techniques may require preknowledge of the actual or expected indigenous microorganisms to be effective (e.g., fluorescence in situ hybridization); and (iii) that the indigenous microorganisms are not isolated. The plating technique used in the present study offers an alternative approach and has been shown to be highly effective (in terms of plating efficiency, etc.) for enumerating and isolating (often novel) acidophiles from acid mine drainage and other environmental samples (20) . In the present study, limited biodiversity of moderately thermophilic or thermotolerant acidophiles was detected in a pilot-scale mineral leaching operation. While it is possible that other species of bacteria and archaea were present but were not isolated by the methods used, it has been shown in other work that all known species of mesophilic and moderately acidophilic mineral-oxidizing prokaryotes (and the majority of acidophilic heterotrophs) can be cultured on the two overlay plate variants used in the present study (19) .
Data from the 45°C bioreactors used in this study showed that the indigenous mineral-oxidizing microfloras were both diverse and subject to change as leaching progressed. The primary microbial agents in mineral leaching are generally considered to be the organisms, such as Leptospirillum spp., that catalyze the dissimilatory oxidation of ferrous iron to ferric iron, since the latter is the prime oxidant of most sulfide minerals. In the case of pyrite (FeS 2 ), ferric iron attack on a mineral produces ferrous iron (which is reoxidized by ironoxidizing acidophiles) and reduced inorganic sulfur compounds (RISCs). The latter are metabolized by sulfur-oxidizing acidophiles, such as A. caldus. Somewhat paradoxically, since oxidation of RISCs yields considerably more energy than oxidation of ferrous iron, greater numbers of A. caldus than of iron-oxidizing prokaryotes are often present in mineral leachates (such as that in reactor 1 of the present study) even though this bacterium is unable to oxidize metal sulfides in pure culture (9, 17) . Some bacteria, such as A. ferrooxidans and Sulfobacillus spp., are able to oxidize both ferrous iron and RISCs and may be perceived, therefore, to be better able to exploit mineral leaching environments than more specialized iron or sulfur oxidizers. However, other factors (such as relative substrate affinities and temperature and pH sensitivities) may have overriding effects, with the result that these bacteria have minor roles (at best) in commercial bioleaching operations.
Analysis of the microbial communities in the pilot-scale bioleaching plant was carried out on only one occasion. However, the fact that the plant had been operating for about 1 year before this analysis suggests that the system should have reached a steady state with regard to the prokaryotic populations present in the three in-line tanks. In addition, previously published data (31, 33) have shown that mineral bioleaching populations are often dominated by the sulfur-oxidizing organism A. caldus and Leptospirillum-like bacteria are the major iron-oxidizing bacteria. A similar scenario was found in the first of the in-line stirred tanks in the present study. The reasons why the microbial populations changed as leaching of the polymetallic sulfidic concentrate progressed (i.e., in reactors 1 to 3) are probably related to the evolution of the physicochemical conditions in the leach liquor. Mineral leaching is generally carried out in an essentially inorganic environment. No organic materials are added to the systems (although there may be some carryover of the flotation reagents use to concentrate the original ore), and carbon is often provided (as in this case) as carbon dioxide. Such conditions favor the growth of chemolithotrophic acidophiles, such as Leptospirillum spp. and A. caldus, which together accounted for 94% of the total CFU in reactor 1. Sulfobacillus spp. (such as isolate NC) are mixotrophic; their CO 2 fixation systems tend to be less efficient than those of autotrophic and other mixotrophic acidophiles (such as Acidimicrobium ferrooxidans). This may account for the relatively low percentage of Sulfobacillus CFU recovered from reactor 1. Although greater numbers (about 50% greater) of A. caldus were found in leachate liquor from reactor 2 than in leachate liquor from reactor 1, the most numerous prokaryote was a Ferroplasma isolate. The emergence of this iron oxidizer coincided with decreases in the numbers of both Leptospirillum and Sulfobacillus. This trend continued into reactor 3, from which only Ferroplasma and A. caldus were recovered (the lower detection limit with the dilution series used was 10 2 CFU ml Ϫ1 ), and the number of A. caldus CFU in reactor 3 was about 0.1% of the numbers found in reactors 1 and 2. The leachate liquor became increasingly acidic and enriched with dissolved metals and sulfate with passage through the reactors. Both these factors are likely to favor Ferroplasma (10). However, the pH values in tanks 2 and 3 were well within the range tolerated by the Leptospirillum isolate (MT6) and known strains of A. caldus (17, 28) . One other important factor that probably facilitated the growth of Ferroplasma in the last two reactors was organic carbon. Dissolved organic carbon (DOC) accumulates in cultures of autotrophic acidophiles, originating from both cell lysates and exudates (35) . Although DOC was not measured in the leach liquors in the tanks, shake flask experiments with mixed cultures of Leptospirillum strain MT6 and A. caldus leaching pyrite have shown that up to 100 mg of DOC liter Besides providing information on microbial communities in bioleaching liquors, this study led to isolation of two novel moderately thermophilic (or thermotolerant) iron oxidizers that may potentially be important in commercial bioleaching operations. Leptospirillum spp. are known to be the most significant iron-oxidizing microorganisms in bioleaching systems 
h).
Leptospirillum strain MT6, which has a minimum pH for growth of Ͻ0.8, compared with minimum pH values for growth of 1.1 to 1.3 for the species that have been characterized, is the most acidophilic Leptospirillum isolate yet characterized, although precise identification of this organism requires further work (e.g., DNA hybridization studies). The situation with isolate MT17 (the more thoroughly studied of the two archaeal isolates) is slightly different, as it is only the third Ferroplasma strain to be characterized. There is currently only one recognized species of Ferroplasma, F. acidiphilum, which was also isolated from a bioleaching pilot plant (16) , although a related archaeon with the proposed name "Ferroplasma acidarmanus" has also been described (10) . Both organisms are pleomorphic and lack cell walls. F. acidiphilum was described as an obligate autotroph, although inclusion of yeast extract in culture media was found to be essential for growth of this prokaryote (16) . "F. acidarmanus," like isolate MT17, grows heterotrophically (10) . There are also differences in the pH optima and minima of "F. acidarmanus," isolate MT17, and F. acidiphilum (pH 1.2 and 0.0, pH 1.5 and 0.8, and pH 1.7 and 1.3, respectively). Ferroplasma strain MT17 was much less thermotolerant than Leptospirillum strain MT6 and, like the other Ferroplasma isolates, is a thermotolerant prokaryote rather than a moderately thermophilic prokaryote. All three isolates are also sensitive to dissolved solutes, as might be expected for organisms that lack cell walls; "F. acidarmanus" was found to dominate sites at Iron Mountain in California, where the solution conductivity was between 100 and 160 mS cm Ϫ1 , whereas growth of isolate MT17 was optimum at a conductivity range of 24 to 46 mS cm Ϫ1 . In contrast to these differences in physiological traits, the three Ferroplasma isolates have very similar (99.2 to 99.6%) 16S rRNA gene sequences, and F. acidiphilum and isolate MT17 have similar chromosomal base compositions (36.5 and 37.5 mol% GϩC, respectively). It is quite possible, therefore, that F. acidiphilum, "F. acidarmanus," and Ferroplasma strain MT17 are strains of the same species (F. acidiphilum) and that the variations described above are due to differences in the media used in the various studies.
The data obtained in this study represent the first quantitative study of the microorganisms in a metal leaching situation. Through the use of solid media, changes in the microbial population were observed throughout a pilot-scale biooxidation plant. In addition to providing quantitative data for the microbes, the solid media allowed isolation and subsequent characterization of novel acidophiles that may be important in commercial operations, which showed the importance of cultivation-based studies of acidic environments.
